Background and Aims: Although several endoscopic and histopathologic indices are available for evaluating the severity of inflammation in mouse models of colitis, the reliability of these scoring instruments is unknown. Our aim was to evaluate the reliability of the individual items in the existing indices and develop new scoring systems by selection of the most reliable index items. Methods: Two observers scored the histological slides [n = 224] and endoscopy videos [n = 201] from treated and untreated Interleukin[IL]-10 knock-out and T-cell transferred SCID mice. Intra-rater and interrater reliability for endoscopy and histology scores, and each individual item, were measured using intraclass correlation coefficients [ICCs]. The Mouse Colitis Histology Index [MCHI] and Mouse Colitis Endoscopy Index [MCEI] were developed using the most reliable items. Both were correlated to the colon density and to each other and were evaluated for their ability to detect changes in pathobiology. .63-0.77]. The MCHI and MCEI were able to distinguish between the experimental groups within the models, with pairwise differences between the treated and untreated groups being statistically significant [p < 0.001]. Conclusions: These histological and endoscopic indices are valid and reliable measures of intestinal inflammation in mice, and they are responsive to treatment effects in pre-clinical studies.
Introduction
The use of animal studies is critical in addressing basic and translational research questions in inflammatory bowel disease [IBD] . However, a common challenge for both these animal models and patient-based research, is the choice of study end points. Semiquantitative evaluation of the intestinal histopathology is considered a 'gold standard' for measuring disease severity in animal models of IBD. Such evaluations commonly use ordinal categorical scales, e.g. from normal to severe. 1 Often, ordinal subscores measuring different items, such as immune cell infiltration and crypt loss, are added to obtain a total severity score. It is noteworthy that the relevance of histopathological items may vary between different animal models of IBD. 2 For instance, epithelial destruction is a highly relevant item in the acute dextran sodium sulphate [DSS] model, while epithelial hyperplasia is relevant in the T-cell transfer model. This has led to the introduction of different histopathologic scoring systems for different animal models of IBD. However, even within the same model a variety of scoring systems have been used. The initial scoring system for the T-cell transfer model of colitis, developed by Powrie and Read, used a semi-quantitative grade on a scale from 0 [no change] to 4 [most severe]. 3 Over the years, multiple variations of this scoring system have been used in which scores ranged from 0 to 5 4 and even 0 to12. 5 Ostanin et al., who published an article with tips-and-tricks for this T-cell transfer model, used an alternative scoring system [with similar items] that ranged from 0 to 22, but subsequently updated the scoring system with modified scores varying between 0 and 17. 6, 7 Similarly, for the Interleukin-10 knock-out [IL10 KO] mouse, another frequently used model for chronic intestinal inflammation, several histopathological scoring systems have been described, [8] [9] [10] [11] with items similar to those used for the T-cell transfer model. It is notable that the final disease severity scores are just simple combinations of the item scores, and that none of the overall disease severity indices were developed using a methodologically rigorous scheme of index development, 12 which would have led to the inclusion of only the relevant and reliable items in the final index. This raises important concerns regarding the validity of the disease severity indices that are currently used.
A parallel situation currently exists in the use of endoscopy in murine models of IBD. 13 As is the case with the previously described histopathological indices, existing endoscopic instruments are semiquantitatively scored and evaluate multiple items. 14, 15 Again, as for the histopathologic assessments, multiple variants exist, 16 all of which have been empirically created.
Virtually no research has been conducted for assessing the operating characteristics of the scoring systems used for IBD animal models, in contrast to endoscopic and histopathological scoring systems used in human IBD. 17 scores for histopathology, both of which are modifications of the score developed by Berg et al., 9 with respect to their ability to identify quantitative trait loci [QTL] in IL10 KO mice. They showed that the simplified MHH score had less power to detect QTL compared with the more refined TJL score. The number of categories within an ordinal scoring method indeed has potential implications for the study: a small number can reduce the ability of the scoring system to detect differences between groups, thereby increasing the required number of animals per group. On the other hand, with a large number of categories, readers may not be able to reliably distinguish between the categories. A scoring system evaluating histological or endoscopic severity should be [1] [3] responsive [i.e. able to detect differences between groups where differences in disease status exist]. These operating properties are mutually exclusive in their scope. For example, an index can be highly reliable but relatively unresponsive to change in disease status.
In clinical IBD, endoscopic and histopathologic indices are routinely used as outcome measures in controlled clinical trials and, to a lesser extent, for patient evaluation in practice. In the past few years, considerable effort has gone into evaluating these instruments, using rigorous methodologies that are also appropriate for the evaluation of the operating properties of the murine indices. Given this background, our objectives were [1] to evaluate the reliability of semiquantitative scoring systems for endoscopy and histopathology in both the T-cell transfer model and the IL10 KO model, [2] to derive new indices for both endoscopy and histology using reliable items, [3] to assess the responsiveness of the new indices to experimental treatment effects and [4] to evaluate index validity by assessing correlations with colon density, an independent measure of disease severity in animal models of IBD.
Materials and Methods

Animals
All animal studies were approved by the local Animal Ethical Committee and performed according to national guidelines. Female C.B-17 SCID mice and wild-type BALB/c mice were ordered from Harlan [Boxmeer, The Netherlands]. As previously described, colitis was induced by injecting 1- 
Colon density and histology
Mice were sacrificed by CO 2 suffocation within 24 h after the endoscopic procedure. The large intestine was removed and its length measured when it was in a relaxed position without stretching; it was weighed after removal of the feces. Figure 1] . A total histological severity score, ranging from 0 to 24, was obtained by summing the eight item scores.
Endoscopy
For endoscopic evaluations, mice were anesthetized with 2-3% isoflurane/O 2 , and feces were removed as much as possible using flexible feeding tubes [20ga × 30 mm, Instech Laboratories, Inc. Plymouth Meeting, USA]. The Olympus URF type V endoscope was rectally inserted for a maximum of 5 cm, and videos of the endoscopic procedure were recorded using a Medicap USB200 Medical Digital Video Recorder, while retracting the endoscope. Videos were scored for quality ['poor' or 'moderate to perfect']. Five items of endoscopic severity were scored: 'mucosal thickening', 'vasculature', 'granularity of the mucosal surface', 'fibrin deposits' and 'stool appearance' as proposed by Becker et al. [ Table 2 , Figure 2 ]. 14 The total endoscopic disease severity score was calculated from the items' scores, excluding the stool component score [as it was clearly determinable in only 158 of 201 of the videos], resulting in a total score ranging from 0 to 12.
Study design
For both the histological slides and endoscopy videos, readers were blinded to the experimental group within each model, and videos and images were reviewed in random order by two independent observers. Videos and images were reviewed a second time by the same observers with at least one week in between the first and second reads. The videos and histology slides were also evaluated by two external observers, one for endoscopy and a second for histology, who, other than the item definitions, were not given specific scoring instructions. Global severity of histological or endoscopic disease was assessed by all observers using a 10-cm visual analogue scale [VAS] , in which no disease activity was scored as 0 and the most severe activity as 10.
Statistical methods
The intra-rater reliability was defined as the correlation between two measurements on the same slide or video by the same observer, while the inter-rater reliability was defined as the correlation between the scoring on the same slide or movie by the two different observers. The intraclass correlation coefficients (ICCs) for both inter-and intra-rater agreement, based on all available slides and videos, were estimated using a two-way random effects model, with interaction between slides or videos and raters using the maximum likelihood method. The ICCs were evaluated using the Landis and Koch criteria, whereby <0.00, 0.00-0.20, 0.21-0.40, 0.41-0.60, 0.61-0.80 and 0.81-1.00 indicate a 'poor', 'slight', 'fair', 'moderate', 'substantial' and 'almost perfect' agreement, respectively. 18 For the model development process, control animals were excluded and only the first set of observations from one of the observers was used. Exploratory bivariate analyses between the VAS and each of the items selected based on reliability were performed first to guide the coding of each item. Specifically, we Spearman rank correlations were used to assess convergent validity between the newly developed endoscopic index, the newly developed histologic index, and colon density, using the first score for the endoscopy and histology for each of the observers. External validation was assessed using Spearman rank correlations for the endoscopy VAS with the Mouse Colitis Endoscopy Index [MCEI] , and for the histology VAS with the Mouse Colitis Histology Index [MCHI] . Correlations exceeding a threshold of 0.7 were considered acceptable. The ability of the indices to distinguish between controls, untreated and treated mice was assessed using analysis of variance, using a Tukey-Kramer adjustment for pairwise comparisons. Statistical analyses were performed using SAS V 9.4 [SAS Institute, Cary, USA].
Results
Study population
In total we collected 224 histology slides and 201 endoscopy videos from 227 experimental animals, from three independent T-cell transfer experiments and three independent IL10 KO experiments. The number of animals under each experimental condition is given in Table 3 .
Reliability of the histology scoring
The inter-rater and intra-rater reliability coefficients for the eight histologic items are given in Table 4 , and within each of the evaluated models in Supplementary 
Histology index development and assessment
The distribution of VAS scores for histology showed that a large percentage was scored as non-diseased [VAS score ≤1, Supplementary  Figure S1A ], which hampers model building. The VAS scores followed a better distribution when healthy control animals were excluded [Supplementary Figure S1B] . Hence, we excluded the healthy control animals for the model-development process. The bivariate relationships between each of the histological items and the VAS score [ Figure 3A ] suggest a linear relationship for 'goblet cell loss', 'hyperplasia', 'muscle thickness' and 'submucosal infiltrate'. Thus, the scores for these items were treated as continuous variables in the model-building process. For 'inflammation' there was no clear difference in the VAS for scores 0 and 1, and therefore, these were collapsed into a score of 0, and subsequently 2 was recoded to 1 and 3 to 2. For 'crypt loss' the scores of 2 and 3 were collapsed into a score of 2. Following the stepdown procedure with a bootstrap of 2000 resamples, the initial model comprising of all eight items was reduced to a final model with 'goblet cell loss', 'crypt density', 'hyperplasia' and 'submucosal infiltrate' as the items that best predicted the VAS [ Table 5 a Only the effective dose of 100 µg anti-TNFα was included in these comparisons. b The p-values presented here show the Tukey-Kramer adjusted comparison between the diseased and treated groups. The diseased animals also differed from the control animals [p < 0.001 for all], whereas the difference between control and treated animals was non-significant. groups within the models, with the pairwise differences between the treated and untreated animals being statistically significant [p < 0.001, Table 6 ].
Reliability of the endoscopy scoring
The inter-rater and intra-rater ICCs for the five endoscopic items are given in Table 7 , and within each of the evaluated models in Supplementary Table 4 4%] of the endoscopy videos were of poor quality. Excluding these videos had little effect on the reliability coefficients [Supplementary 
Endoscopy index development and assessment
As was the case with histology, the endoscopy VAS scores showed a better distribution when healthy control animals were excluded [ Supplementary Figure 2] , and hence, healthy control animals were excluded from the model-development process. The bivariate associations between the four endoscopic item scores and the VAS score exhibited a linear relationship [ Figure 4A ], and therefore were all treated as continuous in the modeling process. Application of the step-down procedure, with a bootstrap of 2000 resamples, yielded a final model with a combination of 'thickness', 'vasculature' and 'granularity' [ Table 8 ], with an R 2 of 0.87 and good external validity [ Figure 4B ]. This new endoscopy score, designated the MCEI ranges from 0 to 9 and is calculated as: 
External validation for the MCHI and MCEI
To confirm that the newly developed indices were valid in the hands of other researchers, both the histological slides and the endoscopy videos were evaluated by external observers. This external evaluation showed a correlation of the MCHI with the histology VAS of 0.86 [0.82-0.89], providing external validation for our proposed histology index. The definitions of items and scoring criteria for the MCHI were finalized for usage in future studies and are presented in Table 10 . For the endoscopy videos, the external evaluation showed a correlation of 0.87 [0.83-0.90] of the MCEI with the endoscopy VAS, providing external validation for our proposed endoscopy index, for which the definitions of included items and scoring criteria were summed and presented in Table 11 .
Discussion
Endoscopy and histopathology assessments in mouse models for IBD are essential for both fundamental and translational research. Several research groups have developed ordinal classification indices, which to some extent measure overlapping features and generally have face validity [appear to be valid]. However, formal assessment of the operating properties of these indices had not been performed. In the current study, we evaluated histopathology and endoscopy scoring systems for reliability, validity and ability to discriminate differences between groups known to vary in severity in mouse models for IBD, and developed simplified prediction models from these systems. We included two widely used mouse models for chronic intestinal inflammation: the T-cell transfer and the IL10 KO models. Items within the scoring systems were chosen based on the existing indices that are currently used for these mouse models.
Usually an inter-rater ICC of >0.4 is used as criterion for including an item in the development of a new index. 19 We showed that all histology items had a higher reliability than 0.4 [the lowest interrater ICC was 0.48, for 'ulceration']. Our observers agreed that this component was the most difficult item to score, especially on poorer quality slides. Indeed, removing the poor-quality slides from the dataset increased the inter-rater ICC of 'ulceration' to 0.53. In addition to The p-values presented here show the Tukey-Kramer adjusted comparison between the diseased and treated groups. The diseased animals also differed from the control animals [p < 0.001 for all], whereas the difference between control and treated animals was non-significant. 'ulceration', the model-building process excluded 'muscle thickness' and 'abscess', items for which the inter-rater ICCs were low.
To enable a better distribution of disease severity scores, which enables better model building, the healthy control animals were excluded from the process of developing a new histological index. This process was started by investigating the bivariate relationships between the VAS score and the individual items. 'Inflammation' and 'crypt loss' exhibited non-linear relationships with the VAS and were re-categorized for the model-development process. Four items ['goblet cell loss', 'crypt density', 'hyperplasia' and 'submucosal infiltrate'] were selected through the modeling process. Weighting of the items was based on the model regression coefficients, and the weighted item scores were summed to generate the MCHI. The MCHI was shown to be able to discriminate between control animals, untreated animals, and animals treated with a treatment of known efficacy. The new histological index has the potential to reduce the sample size required for detecting treatment effects, and as the readers do not have to score all initial features, to reduce the time required to read slides. The reliability coefficients of the histological components were considerably lower for the IL10 KO model than for the T-cell transfer model. As there was a lower number of slides available from the IL10 KO model for the model-development process, and the IL10 KO mice exhibited less severe disease [ Table 6 ], the MCHI may be a more efficient instrument in the T-cell transfer model.
For the five items from the endoscopy scoring system introduced by Becker et al., 14 the inter-observer reliability was also assessed as 'moderate' to 'substantial'. However, as we tried to remove as much feces as possible before we performed endoscopy, no stool was visible in >20% of the endoscopy videos that were evaluated. Hence, we did not include the stool consistency item in our model development. As was the case with the histology model, control animals were excluded from the model-development process. Consistent with the non-reasoned decision by Norwaski et al., to exclude the fibrin component from their total endoscopy score, 16 'fibrin' was eliminated during the model-building process. The final model, the MCEI, is comprised of 'vasculature', 'mucosal thickness' and 'granularity', all equally weighted. Correspondingly, 'fibrin' had the weakest correlation with the VAS [not shown].
This study, assessing both endoscopic and histologic semi-quantitative scoring systems in animal IBD models, had several methodological strengths. We used a large number of histological slides and endoscopy videos from two different IBD models. The slides and videos were generated in a standardized manner, using mice from several different experiments that included healthy controls, diseased untreated groups, and therapeutic treatment groups. The inter-and intra-rater reliability coefficients found in this study were generally higher than those in human studies, 19, 20 which could be due to the differences between observers, amount of tissue, pathophysiology, and/or the chosen items. The validity of the new indices was tested in various ways. Both the MCHI and MCEI were shown to discriminate between healthy control and [untreated] diseased animals, and therefore both indices possess construct validity [i.e. measure what they are supposed to measure]. Both the MCHI and MCEI correlated with the colon density and with each other, indicating that both indices possess convergent validity [i.e. correlate with other disease parameters], as expected. Moreover, the models for both the MCHI and MCEI were developed based on the results of one observer, and were internally validated by the results of the second observer. Finally, both the MCHI and MCEI were externally validated. Both external observers, one for the endoscopy and one for the histology, showed there was a very strong correlation of the index with the respective VAS, providing external validation for the MCHI and MCEI. In this study, we demonstrated that all histology and endoscopy item scores were at least moderately reliable, suggesting that other indices in the literature based on these items, are also likely to be reliable. However, the operating characteristics of the simple sums of these items, which have commonly been reported as used in the literature, have never been evaluated. The MCHI and MCEI presented here have been configured to be reliable, valid and responsive to therapeutic interventions. The use of these instruments has the potential to enable more efficient pre-clinical studies, specifically in the T-cell transfer and IL10 KO models, enabling the development of new and better therapeutic options for patients with IBD. 
